We present new wind models for τ Boötis (τ Boo), a hot-Jupiter-host-star whose observable magnetic cycles makes it a uniquely useful target for our goal of monitoring the temporal variability of stellar winds and their exoplanetary impacts. Using spectropolarimetric observations from May 2009 to January 2015, the most extensive information of this type yet available, to reconstruct the stellar magnetic field, we produce multiple 3D magnetohydrodynamic stellar wind models. Our results show that characteristic changes in the large-scale magnetic field as the star undergoes magnetic cycles produce changes in the wind properties, both globally and locally at the position of the orbiting planet. Whilst the mass loss rate of the star varies by only a minimal amount (∼ 4 percent), the rates of angular momentum loss and associated spin-down timescales are seen to vary widely (up to ∼ 140 percent), findings consistent with and extending previous research. In addition, we find that temporal variation in the global wind is governed mainly by changes in total magnetic flux rather than changes in wind plasma properties. The magnetic pressure varies with time and location and dominates the stellar wind pressure at the planetary orbit. By assuming a Jovian planetary magnetic field for τ Boo b, we nevertheless conclude that the planetary magnetosphere can remain stable in size for all observed stellar cycle epochs, despite significant changes in the stellar field and the resulting local space weather environment.
INTRODUCTION
The study of stellar winds gives insight into the evolution of stars and the planets that orbit them. The wind affects the stellar rotation rate through mass loss and magnetic braking (Schatzman 1962; Weber & Davis 1967; Bouvier 2013) , and can also impact the atmospheres of orbiting planets (Adams 2011; Lammer et al. 2012) , with potential implications on planet habitability (Horner & Jones 2010; Vidotto et al. 2013 ). An example of this impact is seen in our own Solar system with the stripping of Mars' atmosphere by the young Sun (Lundin et al. 2007 ). However, studying stellar winds is problematic, as winds of stars like our Sun are too diffuse to observe directly (Wood et al. 2015) . Investigation of these stars therefore requires a combination of observation and magnetohydrodynamic (MHD) simulation in order to estimate the properties of these winds.
The star τ Boötis (τ Boo, spectral type F7V) is an ideal candidate for a study of the temporal variability of stellar winds, and their potential impacts on orbiting planets. It is the only star to date, other than our Sun, observed to have a magnetic field cycle, with multiple field reversals observed (Catala et al. 2007; Donati et al. 2008; Fares et al. 2009; Fares et al. 2013; Mengel et al. 2016) . These observations reveal that the star has a magnetic cyclic period estimated to be a rapid 740 days . The availability of multiple epochs of magnetic field observations allows us to make observationally informed MHD models of τ Boo's wind, such as those detailed by Vidotto et al. (2012) (4 epochs observed between June 2006 and July 2008) .
In this paper we present an additional eight MHD simulations of the winds of τ Boo from magnetic field observations taken between May 2009 and January 2015. Our aim is to examine the changes in the wind behaviour due to the variations in the magnetic field over the observed epochs, which include multiple polarity reversals, and to demonstrate how these changes could impact the planet τ Boo b.
In section 2 we detail the wind model and magnetic field input. The results of our simulations are presented in two parts: Section 3 presents the global wind properties over the eight epochs, and in Section 4 we investigate the properties of the wind around τ Boo b and the potential impact of the wind on the planet. We discuss these results in Section 5, make conclusions based on our findings in Section 6.
STELLAR WIND MODEL

The bats-r-us Code
The stellar wind model used here is the same as used in Vidotto et al. (2012) , but with higher resolution (as in Vidotto et al. 2014 Vidotto et al. , 2015 . For simulating the winds we use the bats-r-us code (Powell et al. 1999; Tóth et al. 2012 ); a three-dimensional code that solves the ideal magnetohydrodynamic (MHD) equations
where ρ and u are the plasma mass density and velocity, P is the gas pressure, B the magnetic flux, and g is the gravitational acceleration due to a star of mass M * . The total energy density, , is given by
The polytropic index, γ, is defined such that Takeda et al. (2007) , and the rotation period, trot, is taken from Fares et al. (2009) . The wind mean particle mass, µ, is chosen on the assumption that the wind is only composed of protons and electrons. Each simulation is initialised using a polytropic wind solution and the magnetic field information from observations of a given epoch. It is then iterated forward around 30,000 time steps. This ensures that a steady state is achieved. Each simulation, therefore, is a snapshot of the wind at each epoch. 
Adopted surface magnetic fields
The bats-r-us code uses a star's surface magnetic field as input to the inner boundary conditions. The magnetic field information for τ Boo comes from spectropolarimetric observations with the NARVAL instrument at Télescope Bernard Lyot in the Midi Pyrénées, accessed through the BCool collaboration (Marsden et al. 2014 ). The polarization information in the spectra observed at different stellar rotation phases are used to reconstruct the surface magnetic field topologies using Zeeman Doppler Imaging (ZDI, Donati & Landstreet 2009 ). The reconstruction of the magnetic field maps used in this work is presented in Mengel et al. (2016) . The radial field topologies are of sole interest for the stellar wind modelling as the other, non-potential field components have been shown to have a negligible effect on the wind solution . Fares et al. (2013) ; however, for consistency the maps presented here are an updated version using the same methodology as used with the other five epochs, the details of which are presented in Mengel et al. (2016) . Due to the inclination of the star, the area below −40
• is not observable. The field in this area of the stellar surface is solved for by enforcing ∇ · B = 0. Vidotto et al. (2012) showed that choosing this constraint, versus explicitly forcing a symmetric or antisymmetric solution to the large-scale field topology has little impact on the wind solution, especially in the visible hemisphere. Table 2 shows a summary of the global magnetic field properties over the observed epochs. The magnetic cycle phase is calculated based on a 740-day cycle found by Fares et al. (2013) , with the cycle zero phase chosen to be 2453818 Heliocentric Julian Date (HJD) to align with the magnetic cycle zero-point of Vidotto et al. (2012) . The complexity of the field topology can be quantified by examining the amounts of energy in the different set spherical harmonics that are used to describe the field (Donati et al. 2006) . The modes of these coefficients where l ≤ 2 give the dipolar and quadrupolar field configurations. The complexity of the large-scale field is quantified by the percentage of magnetic energy present in the modes where l > 2 over the total energy. A lower percentage indicates a simpler field configuration, whereas a higher percentage means that a larger amount of energy is present in more complicated, smaller scale features.
The field remains dominantly poloidal throughout all Maxwells (Mx) to a peak of 3.28 × 10 23 Mx before the polarity reversal that was then seen in the May 2014 observations. This same peak and fall in magnetic flux is not observed in the previous polarity reversals probably due to the timing of the observation, and the length of time between observed epochs.
WIND SIMULATION RESULTS: GLOBAL WIND PROPERTIES
Magnetic Field
The behaviour of the stellar wind is dependent on the geometry and strength of the global stellar magnetic field. Here we examine the behaviour of the wind at intervals of five months to one year, over a total period of five years and seven months. It is expected that the wind will vary little over the time it takes to observe one epoch (∼ 14 days Vidotto et al. 2012).
As the magnetic field extends outward from the stellar surface, it will be influenced by the presence of the stellar wind. Figure 2 shows the magnetic field lines (grey lines) outwards from the surface of the star. The colour contours on the surface represent radial magnetic flux. The lines are seen to twist along the rotation axis (z-axis) of the star. The number of large closed loops is notable compared to similar plots produced by Vidotto et al. (2012) , which is due to a difference in simulation resolution and different reconstruction process to create the magnetic maps. The impact of grid resolution on results is explored in more detail in Appendix A.
This proportion of open to closed magnetic flux can be quantified by examining magnetic flux at different points in the simulation. The unsigned radial flux, Π, is given by
where SR is a spherical surface of radius R. The unsigned surface radial magnetic flux, Π0, can be calculated from Equation 7 
These values are given in Table 3 . The proportion of open to closed flux is seen to be low, with a majority of the flux from the surface being contained within closed field lines.
Derived Wind Properties
Quantities of interest to the study of stellar rotation evolution, such as mass loss, angular momentum loss and spindown timescale, can be calculated from the output of the wind simulation. Table 3 summarises the properties of the wind derived from our simulation. The mass loss rate,
and angular momentum loss ratė
(10) (Mestel 1999; Vidotto et al. 2014) are also evaluated over S R≥10 , where these quantities reach a constant value. The angular momentum loss is used to infer the timescale of magnetic braking, τ , defined as τ = J/J, measured in Gyr, where J is the angular momentum of the star given by J = (Icore + I envelope )Ω * , with Ω * being the stellar angular velocity. We estimate the spin-down time of τ Boo by using stellar evolution models to estimate the moment of inertia of the core, Icore, and convective envelope, I envelope , separately. This spin-down time-scale, τ , is given by Table 3 gives this these spin-down times using Icore = 1.05 × 10 54 g cm 2 and I envelope = 4.53 × 10 51 g cm 2 , calculated from the model of Baraffe et al. (1998) (Gallet, private communication) .
The mass loss rates show little variation over the eight epochs, ranging between 2.29 × 10 −12 to 2.38 × 10 −12
M yr −1 , approximately 100 times the Solar mass loss rate. This level of variation (∼ 4 percent) is in agreement with the epoch-to-epoch mass loss rate variability found by Vidotto et al. (2012) (∼ 3 percent).
We calculate a lower limit on the x-ray luminosity, as in Llama et al. (2013) , assuming that the quiescent x-ray emission of the coronal wind is caused by free-free radiation. We find little variation (∼ 2%) over the observed epochs. This is in agreement with the previous wind model results , and the x-ray observations of τ Boo by Poppenhaeger et al. (2012) and Poppenhaeger & Wolk (2014) .
The angular momentum loss rate values are seen to vary by ∼ 140 percent over the eight epochs, with a peak at December 2013, corresponding to a peak in the observed radial surface flux, Π0, as do the spin-down timescales, τ . Our values of spin down time differ by 1 order of magnitude than those derived by Vidotto et al. (2012) . This is due to different assumptions in the moment of inertia of the star assumed that of a solid sphere, while we use a more sophisticated approach).
WIND ENVIRONMENT AROUND THE PLANET
Wind properties at τ Boo b
Since the planet τ Boo b is tidally locked to its star in a 1:1 resonance, the location of the planet with respect to the surface of the star does not change. The planet's orbit lies in the equatorial (x-y) plane of the star (Brogi et al. 2012 ) on the negative x-axis at x = −6.8R * . Table 4 gives the properties of the environment surrounding the planet. The total pressure, Ptot, is the sum of the thermal, ram and magnetic pressures. The thermal pressure due to the wind, P , is an output of the simulation. The ram pressure, Pram, is given by:
where |∆u| = |u − v k | is the relative velocity between the planet and the wind, with v k being the planet's Keplerian velocity. The magnetic pressure, Pmag is given by:
The variation in surface absolute magnetic flux shown in Table 3 is reflected in the variation in level of absolute magnetic flux, |B|, at the position of the planet. In contrast to this, the wind velocity, |u|, and particle density, Γ, vary only a small amount (∼ 17 percent and ∼ 14 percent, respectively) over the observed epochs. The temperature, however, is seen to change by nearly approximately 46 percent, and total pressure, Ptot, varies between maxima and minima by ∼ 94 percent. Figure 3 shows the total, ram, magnetic and thermal 5000 5500 6000 6500 7000
HJD ( pressure measurement for each observed epoch. The magnetic pressure varies by up to 48 percent, whereas the ram and thermal pressures varies minimally (∼ 5 percent) over the eight epochs. This suggests that the dominant contributing factor to changes in the total pressure come from the changes in the magnetic pressure.
Planetary magnetospheric behaviour
The external pressure around the planet can be used to infer possible behaviours of the planet's magnetosphere. The ratio of the planetary magnetospheric radius, Rm, to the planetary radius, Rp, is derived from the equilibrium between the pressure from the wind and the outward force of (14) ,where Bp is the strength of the planetary magnetic field at the pole. Since there have been no measurements of the magnetic field strength of hot Jupiters to date, we have assumed a planetary magnetic field strength similar to that of Jupiter, which is a maximum of ∼ 14 G (Bagenal 1992) . The values of Rm/Rp evaluated over the eight epochs are shown in Table 5 . The behaviour of the planetary magnetosphere can also be described in terms of the auroral ring: the area around the poles of the planet over which the planetary magnetic flux is open, allowing the flow of particles to and from the planetary atmosphere. This can be described in terms of the percentage of the planet's surface area:
where α is the auroral angular aperture, defined as (Vidotto et al. 2015) . Despite noticeable changes in the total pressure exerted in the planet by the star, the planet's magnetosphere remains around 3.6 times the planet's radius, varying by only ∼ 3 percent over the observed epochs. This is due to the relative insensitivity of Rm/Rp to changes in Ptot (due to the −1/6 power dependency). As with the planetary magnetospheric radius, there are minimal changes in the auroral aperture and polar surface area, which remain around 32
• and 15 percent, respectively. From this we can infer that despite considerable changes in the behaviour of τ Boo's magnetic field, τ Boo b's magnetosphere remains relatively stable.
DISCUSSION
Global wind properties
The wind simulations presented here are an advance on models that do not use observationally reconstructed magnetic fields as input, or that assume a simplified stellar magnetic field topology. The coronal base temperature and density are poorly constrained by observations, and are free parameters of our model. We chose a wind base temperature that is typical of stellar coronae, and the same base density as adopted in Vidotto et al. (2012) . Out estimated mass loss rate (∼ 2.3 × 10 −12 M yr −1 )is within the range of previous estimates of 1.67 × 10 −12 M yr −1 (Stevens 2005 ) to 6.6 × 10 −12 M yr −1 (Cranmer & Saar 2011) . Given that Sun's corona is adequately described by the adiabatic process given by equation 6, with the index γ = 1.1 (Van Doorsselaere et al. 2011), we assume the same for this star.
The behaviour of the angular momentum loss rate and associated spin-down time-scales found here agree with the predictions of Gallet & Bouvier (2013) , who computed rotational evolution models based on wind-breaking laws derived for magnetised Solar-type stars. They find that the spin down timescales of stars at 1 Gyr old, which is the approximate age of τ Boo (Borsa et al. 2015) , should converge to the length of a few Gyrs, the same as presented in the results here. This further strengthens our choice of model parameters.
The lifetime of a main-sequence star, τMS, with the mass of τ Boo (1.34 M ) is expected to be ∼ 4.8 Gyrs (τMS = 10(M * /M ) −2.5 ). Given τ Boos estimated age of 1Gyr and our calculated mean spin-down time of ∼ 4.9 Gyr, this implies that Tau Boo will remain a rapid rotator throughout its main sequence lifetime, provided that only the stellar wind is affecting its rotational evolution.
The changing stellar magnetic field polarity of the poles does not have an effect on the wind solution. This is because there is no preferred up or down orientation of the star, and the global wind properties are calculated as surface integrals around the star. Instead, it is the changing field strength as the star undergoes its reversals that drives changes in the wind behaviour.
Over the cycle there is a change in field complexity, and this is anti-correlated with on the fraction of open flux fopen (linear correlation coefficient = -0.72). As the field becomes more complex, the amount of flux contained in closed lines increases and the fraction of open flux decreases (see also Lang et al. 2012) . No correlation is found, however, between changes in field complexity and changes, or lack there of, in the angular momentum or mass loss rates.
Wind-planet interaction
Wind simulations can give insight into the potential behaviour of the planetary magnetosphere in the presence of the stellar wind. Since there have been no observations of magnetic fields of exoplanets to date, assumptions must be made as to what magnetic field can be expected from τ Boo b. There is much discussion over the possible magnetic fields of exoplanets. It has been theorised that close in hot-Jupiters such as τ Boo b are thought to have a weaker magnetic field than similar planets further away from the host star due to the tidal locking slowing the planet's rotation, and hence reducing its magnetic field (Grießmeier et al. 2004 ). However, there are some studies that indicate that planetary rotation does not directly influence the strength of a planets magnetic field (Christensen et al. 2009 ), but plays a role in the field geometry (Zuluaga & Cuartas 2012) . Given the uncertainty in hot-jupiters magnetic fields and the similar nature of this planet to Jupiter, we have assumed a Jovian planetary magnetic field strength for this work. The resulting magnetosphere suggests the planet is protected from the stellar wind, despite large changes in the magnetic field and wind strengths over the cycle.
The minimum field strength required to sustain a magnetosphere above the surface of τ Boo b (i.e. Rm > Rp) can be estimated by examining the condition of the space weather environment during at the most extreme part of the magnetic cycle (i.e, when Ptot is at a maximum). This is calculated to be ∼ 0.4 G. This does not mean, however, that the planet is protected at this point, as at this limit the Auroral aperture reaches 90 degrees, exposing 100 percent of the planets surface area to particle inflow and outflow. If we were to call a planet 'protected' provided less than 25 percent of its surface area was contained within the auroral aperture, then the minimum magnetic field strength to achieve this is ∼ 4.7 G for the τ Boo system.
SUMMARY AND CONCLUSIONS
This study examines the variability in the wind behaviour of the star τ Boo over eight epochs from May 2009 to January 2015 -the most extensive monitoring of the wind behaviour of a single object to date (apart from the Sun). The winds are examined globally to study the star's rotational evolution, and locally around τ Boo b for the possible impacts the wind might have on the planet's magnetosphere.
Despite significant changes in the magnetic field behaviour, the mass loss rates do not significantly vary from epoch to epoch (∼ 4 percent), remaining around 2.3 × 10 −12 M yr −1 . However, the angular momentum loss rate is observed to change considerably over the eight observations, ranging from 1.3 × 10 32 ergs to 3.0 × 10 32 ergs. These findings are consistent with angular momentum loss rates and and associated spin-down time-scales predicted by stellar evolution models.
Examining the wind environment of the planet shows that variations in the absolute flux due to changes in the magnetic field behaviour of the star are reflected in changes in the local space weather of τ Boo b. Despite these changes, the magnetosphere from an assumed Jupiter-like planetary magnetic field is relatively invariant over the observed epochs, with the magnetospheric radius remaining around 3.6 times the size of the planetary radius.
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APPENDIX A: SENSITIVITY OF RESULTS TO GRID REFINEMENT LEVEL
The design of the bats-r-us code allows the simulation grid to be constructed so that areas of interest can be studied in greater detail by local grid refinement. This means that the region closest to the surface of the star that is changing the greatest can be simulated at a much finer resolution, but leaving the outer regions of the simulation with a much coarser grid structure to save on computing resources. This section examines how the level of refinement of the grid, that is, the number of times the grid in the region close to the star is subdivided into smaller cells, affects the simulation outcomes. Using the May 2011 data, we examinedṀ , J and fopen (as calculated in Section 3.2) for three different refinement levels. Table 1 shows these global wind parameters, along with the total number of computational cells and smallest cell size for each refinement level. In our grid design, the grid refinement changes occur in the simulation region close to the surface of the star, so that the grid size out beyond 10R * remains the same.
The values of the wind parameters are seen to vary across refinement levels, and these variations are on the same order as the variations observed across epochs, or greater as in the case of mass loss rate. However, these variations are much smaller than the observational uncertainties and theoretical limits of bothṀ andJ. The changes in fopen are not unexpected as the finer cell structure means that more of the magnetic field structure is being resolved, and field lines that could be taken to be open in a coarser grid structure are found to be closed at a higher refinement level. Table 2 shows the changes in the simulation results at the position of τ Boo b due to changes in grid refinement. As with the global wind properties, the local wind properties at the planet vary between grid sizes on the same scale as variations between epochs. Even though it might appear that an under-resolved grid overestimates the impact of the wind on the planet, these variations are smaller than the observational uncertainties on these parameters.
Given the variations seen due to different grid sizes it is important to use the same grid refinement level to compare simulations of different epochs. Using a higher resolution would give marginally more accurate results, but given the unreasonable amount for computation requires to reach refinement level 11 (total number of cells ∼ 2.86 × 10 8 ), we conclude that refinement level 10 is the most appropriate for the current study. 
